Introduction {#sec1-2045894019878598}
============

Pulmonary hypertension (PH) has been increasingly recognized in the premature population with bronchopulmonary dysplasia (BPD),^[@bibr1-2045894019878598][@bibr2-2045894019878598][@bibr3-2045894019878598][@bibr4-2045894019878598]--[@bibr5-2045894019878598]^ and we recently described the demographics, maternal, and perinatal risk factors, as well as the clinical evolution of a cohort of premature newborns with BPD and PH followed at a single institution.^[@bibr6-2045894019878598]^ Recent guidelines have advocated for echocardiographic screening of PH in preterm infants with BPD at 36 weeks of post-menstrual age (PMA), but there is a lack of consensus on which echocardiographic parameters should be used for optimal detection of PH and assessment of its hemodynamic consequences in this population.^[@bibr3-2045894019878598],[@bibr7-2045894019878598]^ Also, recommendations regarding the echocardiographic evaluation of patients with BPD during their screening and at follow-up have been proposed,^[@bibr7-2045894019878598],[@bibr8-2045894019878598]^ but not formally evaluated in the context of a population of BPD-PH patients. There are currently limited data on the natural history of this disease and underlying cardiac mechanics. While right ventricular (RV) performance has been described as a key factor contributing to outcomes in primary PH for both adult^[@bibr9-2045894019878598]^ and pediatric cohorts,^[@bibr10-2045894019878598]^ this is not well described in BPD patients. A recent survey of neonatologists regarding the screening of PH in BPD patients highlighted the variability in practices and the need for better guidance in the standardization of assessments of this vulnerable population.^[@bibr11-2045894019878598]^ Understanding the underlying hemodynamic status and contribution of RV dysfunction may allow for refinement of treatment paradigms.

Herein, we sought to better describe the cardiac function and the degree of PH using echocardiography in this premature population with BPD and PH. Our secondary objective was to evaluate if these echocardiography parameters were associated with mortality. We hypothesized that markers of RV dysfunction at PH detection were associated with mortality in BPD patients with PH.

Methods {#sec2-2045894019878598}
=======

Patient population {#sec3-2045894019878598}
------------------

Clinical and echocardiography data of patients with prematurity and PH treated at a single institution were retrospectively collected between January 2000 and May 2017. All premature patients with PH diagnosed at ≥ 36 weeks PMA and born at ≤ 32 weeks of estimated gestational age (GA) were identified from clinical databases. Patients were excluded if they had major congenital anomalies, genetic syndromes or did not have an echocardiography performed at our institution within three months of the diagnosis of PH (when referred as outpatient). Study data were extracted from the electronic medical record and recorded in a secure electronic database hosted at the Stanford Center for Clinical Informatics.^[@bibr12-2045894019878598]^ This study was approved by the Stanford University Institutional Review Board.

Clinical definitions {#sec4-2045894019878598}
--------------------

Percentile for birth weight was calculated according to GA and sex using the Fenton growth chart and small for gestational age (SGA) was defined as a birth weight ≤ 10th percentile.^[@bibr13-2045894019878598]^ BPD was defined and stratified as per the National Institute of Child Health and Human development Workshop definition.^[@bibr14-2045894019878598]^ Patients were considered to have had a necrotizing enterocolitis (NEC) if documented as grade 2 and above according to the Bell classification.^[@bibr15-2045894019878598]^

Echocardiography data collection {#sec5-2045894019878598}
--------------------------------

The echocardiography available at our institution closest to the diagnosis of PH was analyzed for each patient. Images were acquired according to the American Society of Echocardiography guidelines^[@bibr16-2045894019878598]^ using Philips iE33, Philips EPIQ 7 (Philips Medical Systems, Bothell, WA), Siemens SC2000 or Siemens Sequoia C512 (Siemens Medical Solutions USA, Mountain View, CA) systems. Individual echocardiography images were analyzed by a rater masked to clinical status of the patients, and each echocardiography parameter was remeasured. Offline measurements were done on Syngo Dynamics workstation (Siemens Medical Solutions USA).

Conventional measures of ventricular function {#sec6-2045894019878598}
---------------------------------------------

LV systolic function was measured using ejection fraction (LV-EF), and calculated according the 5/6 area × length method which provides an estimated end-diastolic volume (EDV) and end-systolic volume (ESV).^[@bibr17-2045894019878598],[@bibr18-2045894019878598]^ LV-EF, LV-EDV, and LV-ESV were also calculated using the modified Simpson's rule.^[@bibr16-2045894019878598],[@bibr19-2045894019878598]^ RV systolic function was assessed by RV fractional area change (RV-FAC),^[@bibr20-2045894019878598]^ and tricuspid annular plane systolic excursion (TAPSE). A threshold of less than 30% area change by FAC was established as being abnormal based on reported guidelines^[@bibr21-2045894019878598]^ and literature on newborn RV function.^[@bibr22-2045894019878598]^ TAPSE Z-score was derived according to previously published reference values^[@bibr23-2045894019878598]^ and a threshold of \< −2.0 was considered abnormal.

Ventricular output {#sec7-2045894019878598}
------------------

The velocity time integral (VTI) of the pulsed wave Doppler in the RV outflow tract (RVOT), sampled at the level of the pulmonary valve (PV) attachments, was measured in the parasternal short axis view to calculate stroke distance. LV outflow tract (LVOT) VTI of the pulsed wave Doppler, sampled at the level of the aortic valve (AV) attachments, was measured in the apical three-chamber view. The resultant stroke distances relate to their respective ventricles' cardiac output (CO).^[@bibr24-2045894019878598],[@bibr25-2045894019878598]^ Diameter of the PV was measured in the parasternal short axis view and of the AV in the parasternal long axis view. Stroke volume was derived from the VTI multiplied by the corresponding outflow cross-sectional area: (PV or AV/2)^[@bibr2-2045894019878598]^ × π. The CO was then estimated by multiplying the resultant stroke volume with the heart rate at time of VTI assessment, and divided by body weight in kilograms (kg).^[@bibr19-2045894019878598],[@bibr20-2045894019878598]^

Deformation analysis of ventricular function {#sec8-2045894019878598}
--------------------------------------------

Stored digital imaging and communications in medicine images of the apical four-chamber view and of the parasternal short axis view at the level of the papillary muscle of the mitral valve were transferred to the velocity vector imaging (VVI) platform for strain analysis by speckle-tracking echocardiography (STE; VVI 3.01.45 by Siemens Medical Solutions USA, Inc.). VVI allows for vendor-independent deformation analysis^[@bibr26-2045894019878598]^ and tracks endocardial border speckles through cardiac cycles.^[@bibr27-2045894019878598]^ An endocardial tracing of the RV and LV was done manually and repeated to ensure appropriate tracking.^[@bibr28-2045894019878598]^ The interventricular septum (IVS) was included in each ventricle. Two to three consecutive cardiac cycles were averaged for subsequent analysis. Peak RV and LV longitudinal systolic (pLS) strain and strain rate (pLSR), as well as circumferential strain and strain rate of the LV were calculated by the software. RV focused view in apical four chamber was used for assessment of RV deformation. Peak longitudinal early diastolic strain rate (LSRe) of the RV and LV were extracted from the average strain rate curves.^[@bibr27-2045894019878598],[@bibr29-2045894019878598],[@bibr30-2045894019878598]^ When early and late strain rate curves were fused, peak diastolic strain rate was recorded as LSRe. VVI provides estimation of both LV-EF and RV-FAC by auto-tracking. A pLS of \< −14% was considered normal as per current neonatal echocardiographic literature on RV function.^[@bibr31-2045894019878598]^

Pulmonary artery pressure estimation {#sec9-2045894019878598}
------------------------------------

PH was diagnosed by echocardiography if any of the following were present: a mean pulmonary arterial pressure (mPAP) estimate ≥ 25 mmHg or an estimated systolic pulmonary arterial pressure (sPAP) ≥ 40 mmHg. If none of these quantifiable measures were available, flattening of the IVS at the end of systole was used as a surrogate of increased pulmonary pressure.^[@bibr32-2045894019878598]^ mPAP was estimated by echocardiography using the full Doppler envelope of pulmonary insufficiency (PI), when available.^[@bibr20-2045894019878598]^ sPAP was estimated by echocardiography using either: (a) tricuspid regurgitant jet (TRJ) ≥ 35 mmHg (plus expected right atrial pressure of 5 mmHg), when a full Doppler envelope was available, or by a (b) ventricular septal defect (VSD) or patent ductus arteriosus (PDA) velocity gradient.^[@bibr33-2045894019878598]^ A ratio of the estimated sPAP to the systemic systolic blood pressure (sBP) at the time of the echocardiography was calculated. Main pulmonary artery (MPA) was measured as the largest diameter in the suprasternal notch view or parasternal short-axis view. Right atrial (RA) planimetry was measured in the apical four-chamber view. Z-scores for MPA and RA were derived according to previously published reference values.^[@bibr34-2045894019878598]^ Pulmonary artery acceleration time to RV ejection time (PAAT/RVET) ratio was measured from the pulsed wave Doppler of the RVOT^[@bibr35-2045894019878598]^ and a PAAT/RVET ratio less than 0.30 set as a marker of pulmonary vascular disease (PVD).^[@bibr33-2045894019878598],[@bibr35-2045894019878598]^ Systolic to diastolic TRJ time ratio was measured from the continuous wave Doppler sampled at the tricuspid valve. LV eccentricity index (EI) at end of systole, a quantification of IVS distortion resulting from PH, was calculated ([Fig. 1](#fig1-2045894019878598){ref-type="fig"}).^[@bibr33-2045894019878598]^ EI is the ratio of the measure parallel to the septum to the measure perpendicular to the septum (with a perfect circle giving a ratio of 1.0). An abnormal LV EI was set as \> 1.23.^[@bibr35-2045894019878598]^ As a measure of RV dilation, the LV to RV ratio was calculated (ratio between the distance from the IVS to the LV free wall to the distance of IVS to the RV free wall at end of systole in parasternal short axis at papillary level).^[@bibr36-2045894019878598]^ A ratio less than 1 has been associated with adverse outcomes in pediatric PH and correlates with invasive measurements of pulmonary pressures.^[@bibr37-2045894019878598]^ Pulmonary vein stenosis (PVS) was defined as: (1) a monophasic Doppler flow profile by echocardiography with a mean gradient of more than 4 mmHg^[@bibr38-2045894019878598]^ or (2) read on computed tomography with contrast or (3) as detected on cardiac catheterization via angiogram. Fig. 1.Eccentricity index and LV/RV ratio. Parasternal short-axis view at the papillary muscle level. LV eccentricity index is calculated as the ratio of the largest diameter of LV parallel to septum (distance 1) to the distance between septum and LV free wall (distance 2). LV/RV ratio is calculated as the ratio of the distance between septum and LV free wall (distance 2) and the distance between septum and RV free wall (distance 3).

Data analysis {#sec10-2045894019878598}
-------------

Results are described as mean with standard deviation or median with interquartile range (IQR) for continuous variables and counts with proportions for categorical variables. The Fisher\'s exact and chi-square tests were used to compare categorical characteristics. Student *t* test and Wilcoxon--Mann--Whitney test were used to compare continuous variables for parametric and non-parametric variables, respectively. Patients were censored at last follow-up if alive and uncensored at time of death. Kaplan--Meier survival analysis was performed using log-rank test. Univariate associations between death and patient's or echocardiography characteristics were analyzed using Cox proportional hazards regression, and expressed by hazard ratio (HR). Statistical analyses were done with Stata SE (Version 14.2, College Station, TX). The level of significance was set at 0.05 for all comparisons.

Results {#sec11-2045894019878598}
=======

Patient population {#sec12-2045894019878598}
------------------

From 2000 through 2017, 86 premature patients with a diagnosis of PH were identified within our databases, of which 34 were excluded (*n* = 10 major congenital heart defect, *n* = 10 major congenital anomalies or syndrome, *n* = 14 referred with no available echocardiography within 3 months of diagnosis). Study cohort included 52 patients with BPD and PH, for which echocardiography images were available for analysis within three months of PH diagnosis. Sixteen patients (31%) died at follow-up. Information regarding the perinatal demographics are displayed in [Table 1](#table1-2045894019878598){ref-type="table"}. Average GA at birth was 26.3 ± 2.3 weeks, birth weight of 728 ± 323 g and 38% were SGA. There was no statistically significant demographic difference between those who died and those who survived, except for males being overrepresented within the cohort who died. Table 1.Demography and clinical characteristics.All (*n* = 52)Alive (*n* = 36)Death (*n* = 16)*p* valueGA26.3 (2.3)26.1 (2.3)26.7 (2.2)0.32Inborn21 (40)16 (44)5 (31)0.37Admitted to our NICU42 (81)30 (83)12 (75)0.48Male28 (54)15 (42)13 (81)0.008Birth weight728 (323)738 (628)706 (328)0.48SGA20 (38)13 (36)7 (44)0.65Birth weight percentile34 (31)40 (4--63)13.5 (1.5--48)0.18Severe BPD44 (85)28 (78)16 (100)0.16NEC13 (25)9 (25)4 (25)1.00APGAR at 5 min7 (6--8)8 (6--9)7 (6--8)0.62PMA at diagnosis of PH41.4 (38.4--50.1)50.6 (27.2)42.4 (7.9)0.22[^1][^2]

The initial echocardiography available for analysis at our center closest to the diagnosis of PH was at a median of one day of the diagnosis of PH (IQR: 0--19 days), as some patients were transferred from another institution with a diagnosis prior to arrival. Some patients (*n* = 12) were started on one or multiple pulmonary vasodilator medication(s) prior to transfer. Rate of treatment with pulmonary vasodilators was similar at echocardiography between those who died and those who survived. Analyzed echocardiography was at 43.3 weeks of PMA (IQR: 39.0--54.7 weeks). In patients who survived (*n* = 36), time between echocardiography and last follow-up was 988 days (IQR: 464--2001 days). In those who died, time from echocardiography to death was of 117 days (range: 49--262 days). Deaths were due to respiratory failure, pulmonary hypertensive crisis, cardiac arrest, and/or pneumonia. The vast majority of patients who died (94%) were treated with pulmonary vasodilator medications (iNO, milrinone, phosphodiesterase inhibitors, prostacyclin analogs or endothelin receptor antagonists) and most (11 out of 15 who were treated) were on multiple medications. Thirteen patients died during the initial hospitalization and required respiratory support until death. Three patients were discharged on home oxygen therapy and died later. Eleven patients (21%) were found to have signs of PVS at follow-up, of which eight had multiple veins involved, eight were on pulmonary vasodilator medications, and five died. None of these patients, described in a previous report,^[@bibr6-2045894019878598]^ had signs of PVS at the diagnostic echocardiography analyzed for this study.

Conventional measures of ventricular function {#sec13-2045894019878598}
---------------------------------------------

The results of intergroup comparisons of conventional echocardiographic measures of function are summarized in [Table 2](#table2-2045894019878598){ref-type="table"}. The LV-EF was within normal limits by three methods and similar between PH patients who died and those who survived, whereas RV systolic function was decreased in the group who died upon initial echocardiography by both TAPSE assessment (*p* = 0.0002) and FAC (by manual tracing: *p* = 0.00001, and auto-tracking: *p* = 0.001). RV function by FAC (HR = 0.88, 95% CI 0.83--0.94, *p* = 0.0001) and TAPSE Z-score (HR = 0.65, 95% CI 0.50--0.85, *p* = 0.002) were significantly associated with death at follow-up by Cox univariate analysis ([Table 3](#table3-2045894019878598){ref-type="table"}). Ventricular outputs as assessed by LVOT VTI, RVOT VTI and calculated CO of both outflow tracts were not associated with mortality. Table 2.Echocardiography results.All (*n* = 52)Alive (*n* = 36)Death (*n* = 16)*p* valuePMA at echocardiography43.3 (39.0--54.7)52.8 (27.8)45.5 (9.1)0.38Days between PH Dx and echocardiography1 (0--19)1 (0--15)0 (0--37)0.97On PH-therapy at echocardiography (%)12 (23)6 (17)6 (38)0.10Weight at echocardiography in kg3.9 (2.8)4.2 (3.2)3.2 (1.4)0.27Systolic BP at echocardiography82 (13)84.8 (14.4)78.1 (12.0)0.13Diastolic BP at echocardiography48 (11)49.0 (10.5)45.2 (13.2)0.27Heart rate at echocardiography in bpm150 (22)150 (17)151 (30)0.24LV and RV function by echocardiography EF by Simpson\'s67.0 (6.4)66.2 (5.9)68.7 (7.4)0.21 EF by 5/666.8 (6.8)65.7 (6.0)69.0 (8.1)0.12 EF by VVI62.3 (5.7)61.4 (5.0)64.2 (6.7)0.14 TAPSE9.2 (3.0)10.2 (2.9)7.0 (2.0)0.0002 TAPSE Z-score−1.08 (−2.66--0.45)−0.08 (−1.4--0.84)−2.69 (−3.27 to −1.59)0.0002 FAC of RV31.3 (9.6)34.7 (8.6)23.5 (7.2)0.00001 FAC by VVI31 (8)33.8 (7.4)25.6 (8.1)0.001Ventricular output VTI at PV0.13 (0.04)0.14 (0.04)0.13 (0.04)0.49 VTI at AV0.13 (0.04)0.14 (0.04)0.13 (0.04)0.31 RV CO476 (198)498 (223)433 (134)0.42 LV CO260 (82)268 (79)243 (90)0.42Markers of pulmonary pressure TRJ systolic/diastolic time ratio2.46 (0.82)2.42 (0.84)2.56 (0.80)0.59 sPAP74.63 (22.9)70.0 (22.9)86.5 (19.1)0.04 sPAP/sBP88.9 (26.2)81.7 (23.5)107.0 (24.7)0.001 Eccentricity index1.91 (0.76)1.74 (0.78)2.28 (0.58)0.02 PAAT/RVET0.27 (0.08)0.27 (0.08)0.26 (0.07)0.53 LV/RV ratio0.81 (0.36)0.89 (0.40)0.65 (0.19)0.04 MPA Z-score4.33 (1.77)4.36 (1.69)4.28 (2.01)0.88 RA planimetry Z-score2.7 (2.2)2.9 (2.2)2.3 (2.2)0.43[^3][^4] Table 3.Cox proportional hazards model -- univariate analysis.HRCI 5%CI 95%*p* valueGA at birth0.960.91.020.16Male status0.240.070.850.03Birth weight1.000.9981.0010.76SGA status1.190.443.190.34NEC0.920.292.880.88PMA at PH diagnosis1.070.881.310.48sPAP1.031.0021.050.04sPAP/sBP1.021.011.040.003Eccentricity index2.021.143.590.02LV/RV ratio0.160.030.90.04TAPSE Z-score0.650.500.850.002FAC of RV0.880.830.940.0001RV pLS1.221.061.410.007RV pLSR3.820.9515.410.06RV LSRe0.290.100.830.02[^5]

Pulmonary artery pressure estimation {#sec14-2045894019878598}
------------------------------------

A PDA, a VSD, or a TRJ for assessment of sPAP was available in 75% (39/52) of patients. A full PI envelope was available in 13 patients (25%), of which 12 had a concomitant estimation of sPAP. Twelve were diagnosed with PH based on their septal configuration at the diagnostic echocardiography. At follow-up echocardiography, seven of these patients had an estimation of sPAP meeting criteria for PH and one had a confirmatory cardiac catheterization. The four remaining patients had progressive normalization of their IVS configuration.

The sPAP/sBP ratio (81.7 ± 23.5 vs. 107.0 ± 24.7, *p* = 0.001), the LV EI (1.74 ± 0.78 vs. 2.28 ± 0.58, *p* = 0.02), and the LV/RV ratio (0.89 ± 0.40 vs. 0.65 ± 0.19, *p* = 0.04) were significantly different and abnormal in the PH population who died, while PAAT/RVET ratio and systolic to diastolic time ratio of TRJ were not ([Table 2](#table2-2045894019878598){ref-type="table"}). PAAT/RVET (0.27 ± 0.08), LV-EI (1.91 ± 0.76), and LV/RV ratio (0.81 ± 0.36) were meeting threshold described as abnormal in the overall BPD-PH population. The MPA was dilated in the overall cohort (Z-score 4.33 ± 1.77) and the RA was enlarged (Z-score 2.7 ± 2.2), but no differences were found between survivors and non-survivors. Association between absolute sPAP, sPAP/sBP, LV EI, and LV/RV ratio with death remained by univariate Cox analysis.

There was a significant association between PH severity assessment by sPAP/sBP ratio and RV function assessed by RV-FAC (*R*^2 ^= 0.31, slope = −1.52, *p* \< 0.001), as well as a weak association with TAPSE Z-score (*R*^2 ^= 0.11, slope = −4.63, *p* = 0.047). Degree of PH by sPAP/sBP ratio was also significantly correlated to other markers of PH such as: LV EI (*R*^2 ^= 0.34, slope = 21.02, *p* \< 0.001), the systolic to diastolic TRJ time ratio (*R*^2 ^= 0.20, slope = 14.9, *p* = 0.04) and the LV/RV ratio at end of systole (*R*^2 ^= 0.35, slope = −39.0, *p* \< 0.001).

Deformation analysis of ventricular function {#sec15-2045894019878598}
--------------------------------------------

The results of intergroup comparisons of deformation measures are summarized in [Table 4](#table4-2045894019878598){ref-type="table"}. The RV pLS, pLSR, and LSRe were decreased in non-survivors, while deformation parameters of the LV seemed to be preserved. RV pLS was also significantly correlated to the degree of PH by sPAP/sBP ratio (*R*^2 ^= 0.27, slope = 3.45, *p* = 0.001) and to other conventional markers of RV function, such as: FAC (*R*^2 ^= 0.66, slope = −1.69, *p* \< 0.001) and TAPSE Z-score (*R*^2 ^= 0.30, slope = −0.22, *p* \< 0.001). Association between pLS and LSRe of RV with death remained by univariate Cox analysis ([Table 3](#table3-2045894019878598){ref-type="table"}). Patients with RV pLS \> −14% (log-rank test, *p* = 0.0003, [Fig. 2](#fig2-2045894019878598){ref-type="fig"}), TAPSE Z-score \< −2.0 (log-rank test, *p* = 0.0009, [Fig. 3](#fig3-2045894019878598){ref-type="fig"}) or RV-FAC of \< 30% (log-rank test, *p* = 0.0003, [Fig. 4](#fig4-2045894019878598){ref-type="fig"}) had increased mortality at follow-up by Kaplan--Meier analysis. Fig. 2.Kaplan--Meier assessment of RV peak longitudinal strain. RV peak LS \> −14% at echocardiography closest to diagnosis of PH in BPD patients was significantly associated with death at follow-up in days (log-rank test; *p* = 0.0003). Fig. 3.Kaplan--Meier assessment of TAPSE Z-score. TAPSE Z-score \< −2.0 at echocardiography closest to diagnosis of PH in BPD patients was significantly associated with death at follow-up in days (log-rank test; *p* = 0.0009). Fig. 4.Kaplan--Meier assessment of RV FAC. RV-FAC \< 30.0% at echocardiography closest to diagnosis of PH in BPD patients was significantly associated with death at follow-up in days (log-rank test; *p* = 0.0003). Table 4.Deformation analysis.All (*n* = 52)Alive (*n* = 36)Death (*n* = 16)*p* valueRV pLS−15.6 (4.5)−16.9 (4.1)−13.1 (4.5)0.006RV pLSR−1.37 (0.48)−1.47 (0.50)−1.18 (0.38)0.04RV LSRe1.73 (0.66)1.90 (0.64)1.39 (0.59)0.01LV pLS−17.0 (4.4)−17.6 (4.1)−15.8 (4.8)0.21LV pLSR−1.57 (0.64)−1.57 (0.71)−1.57 (0.51)0.51LV LSRe2.00 (0.64)2.00 (0.49)1.99 (0.90)0.40LV circumferential strain−18.8 (6.0)−18.9 (6.0)−18.5 (6.1)0.83LV circumferential SR−1.7 (−2.2 to −1.5)−1.69 (1.17)−1.71 (0.44)0.40[^6]

Discussion {#sec16-2045894019878598}
==========

In this cohort of patients with BPD and PH, echocardiographic indicators of PH and RV dysfunction at echocardiography closest to PH diagnosis were associated with mortality at a median of 117 days after the diagnostic echo. In addition, RV pLS correlated well with other indices of RV function (TAPSE and FAC), and the overall BPD-PH population had abnormal markers of PH (absolute sPAP estimates, LV-EI, PAAT/RVET, LV/RV ratio, as well as, MPA and RA measurements).

Echocardiography in BPD patients {#sec17-2045894019878598}
--------------------------------

Echocardiography allows for simultaneous assessment of cardiac function, cardiac structures, and pulmonary pressures^[@bibr33-2045894019878598]^ and is the current modality advocated for screening in BPD patients.^[@bibr3-2045894019878598]^ Echocardiography is, however, an imperfect tool, since it does not allow estimation of pulmonary pressures in every patients (nearly 1/4 of our cohort could not have their mPAP and/or sPAP estimated by echocardiography), is poor in the assessment of severity of PH^39^ and is not performed in the same hemodynamic conditions as during cardiac catheterization. Recently, inter-rater reliability of echocardiography readers evaluating PVD in the premature population at risk with BPD, revealed strong agreement (especially at 36 weeks of PMA).^[@bibr40-2045894019878598]^ Despite the limitations of echocardiography, our data suggest that BPD-PH patients should be screened and followed using a comprehensive evaluation of the RV performance (by TAPSE, FAC, pLS) and of the pulmonary pressures (using direct estimation of PAP, as well as, indirect markers such as PAAT/RVET, LV/RV ratio and EI).

Correlates to the pediatric and adult population with PH {#sec18-2045894019878598}
--------------------------------------------------------

Limited data exist about the long-term impact of PVD in premature infants when reaching pediatric and adult age. Recently, a prospective longitudinal study looked at RV function, as assessed by FAC in preterm infants (23--28 weeks of GA at birth) without BPD. FAC at one month of age in that population was of 35 ± 5%.^[@bibr41-2045894019878598]^ In our cohort, RV-FAC in those who survived (34.7 ± 8.6%) was similar to the FAC reported for those healthy preterm infants, while infants who died had a much lower FAC at diagnosis (23.5 ± 7.2%). Also, in a cohort of pediatric patients with BPD, RV pLS at one year of corrected age was found to be lower when compared to preterm infants without BPD.^[@bibr42-2045894019878598]^ Similarly, another group evaluated children with prematurity and BPD at the age of three to five years and found that deformation analysis was abnormal compared to term controls, with a correlation between RV mechanics at pediatric age and the duration of invasive ventilation.^[@bibr43-2045894019878598]^ Hence, respiratory phenotype of the preterm infant seems to reflect the abnormal cardiac performance even in the long term. In our study, a majority were in the severe BPD range. Thus, the association between degree of pulmonary disease and underlying differences in RV mechanics seems to be already present at term corrected age in the premature infants with PVD.

Markers of PH by echocardiography {#sec19-2045894019878598}
---------------------------------

The degree of PH was associated with increased mortality in our population. However, estimation of sPAP on a single echocardiography is not always feasible and warrants new objective measures to detect infants with PH or at risk for PH. We evaluated other markers: PAAT/RVET ratio, systolic to diastolic TRJ time ratio, LV/RV ratio, LV EI, and MPA size. All these markers were found to be abnormal in our cohort. The systolic to diastolic TRJ time ratio has been previously described as increased in the population of BPD with PH compared to BPD free of PH, and to controls.^[@bibr44-2045894019878598]^ This measure is heart rate dependent and has been associated with cardiac performance in multiple pediatric populations.^[@bibr45-2045894019878598],[@bibr46-2045894019878598]^ While a value above 1.1 has been described in BPD patients with PH,^[@bibr44-2045894019878598]^ our cohort had much higher values (2.42 ± 0.82), but this time ratio was not associated with mortality (in the context of similar heart rates at echocardiography). The systolic to diastolic time ratio was significantly correlated to the degree of PH (sPAP/sBP) in our cohort, consistent with prior studies.^[@bibr44-2045894019878598]^ LV/RV ratio has been used to quantify the degree of RV dilation by echocardiography due to the high subjectivity associated with qualitative assessment of RV dimensions.^[@bibr20-2045894019878598]^ In a pediatric cohort with PH, a LV/RV ratio at the end of systole \< 1.0 has been associated with adverse outcomes (initiation of intravenous prostacyclin treatment, atrial septostomy, transplant or mortality).^[@bibr20-2045894019878598],[@bibr37-2045894019878598]^ Magnitude of LV/RV ratio was also correlated to pulmonary vascular resistance, mPAP, sPAP, and sPAP/sBP ratio by cardiac catheterization.^[@bibr37-2045894019878598]^ Our cohort had an abnormal LV/RV ratio, and the magnitude of dilation was correlated to the degree of PH by sPAP/sBP by echocardiography. This ratio was significantly decreased in BPD patients who died, indicative of increased RV dilation secondary to RV failure. Similarly, LV EI is a measure of septal deformation and a ratio above 1.23 at end of systole has been associated with PH,^[@bibr35-2045894019878598],[@bibr47-2045894019878598]^ and correlated with pulmonary vascular resistance, transpulmonary gradient as well as cardiac index by cardiac catheterization in adults.^[@bibr20-2045894019878598],[@bibr48-2045894019878598]^ In this study, LV EI correlated with markers of RV dysfunction and the magnitude of increase in LV EI was associated with death. MPA size did not correlate with outcomes in our cohort, but was significantly dilated in the majority of patients (92% with a Z-score \> 2.0). While the estimation of sPAP may only be present in 54% to 60% of pediatric patient undergoing screening for PH,^[@bibr39-2045894019878598],[@bibr44-2045894019878598]^ the other described parameters indicative of PVD (PAAT/RVET, LV/RV ratio, LV EI, MPA size) can be measured in the absence of a full TRJ or PI envelope or a PDA/VSD gradient. Hence, in the absence of an estimation of pressure by echocardiography, these indirect measures may help identify at high-risk patients for PH and help tailoring management and follow-up.

RV function assessed by echocardiography {#sec20-2045894019878598}
----------------------------------------

PH in BPD patients has been associated with long-term mortality,^[@bibr49-2045894019878598],[@bibr50-2045894019878598]^ but the underlying RV dysfunction in our population also greatly impacted outcomes. RV performance is the key determinant of survival in adults and children with PH.^[@bibr9-2045894019878598],[@bibr10-2045894019878598]^ Echocardiography allows for non-invasive assessment of RV and LV function. While the RV geometry makes the quantitative assessment of cardiac contractility challenging, novel markers such as deformation analysis by STE gives new insights on RV performance. Peak systolic longitudinal strain (pLS) of the RV has been described as significantly associated with survival in the adult population with PAH, where a pLS of ≥ −15.5% showed lower event-free survival.^[@bibr9-2045894019878598]^ In our population, TAPSE (Z-score \< 2.0), FAC (\<30%), and RV pLS (\>−14%) at echocardiography closest to diagnosis were discriminative markers. While strain analysis by STE might not be readily available in all centers, FAC and TAPSE are measures of RV systolic function that are rapid and easy to acquire. FAC in neonates has good inter- (93%) and intra-observer (94%) reliability and reference values in that population have been established.^[@bibr41-2045894019878598]^ Z-scores for TAPSE in both preterm and term infants have also been derived from populational studies^[@bibr51-2045894019878598],[@bibr52-2045894019878598]^ and this marker has been described as a reproducible index of RV function in infants with PH (96% intra-observer and 92% inter-observers agreement).^[@bibr53-2045894019878598]^ With the increasing use of echocardiography for screening, degree of PH at diagnosis may be difficult to interpret when assessing individual patients. Our data suggest that a thorough assessment of RV performance may augment the detection of patients that are at the highest risk for poor outcomes.

Most patients in our study were on currently available vasodilator therapies, which were used in the hope to decrease pulmonary pressures and improve RV performance. While LV function seems to be preserved, some may develop post-capillary PH due to abnormal pulmonary venous vasculature. Indeed, 21% of our cohort did show signs of pulmonary venous stenosis at follow-up. Interestingly, patients with a diagnosis of PVS had all signs of abnormal Doppler flow at subsequent echocardiography, but none had anomalies at echocardiography closest to PH diagnosis. Recently, a group described that a median of five echocardiography (range 1--25) were necessary before the diagnosis of PVS in a retrospective multi-center study looking at premature infants.^[@bibr54-2045894019878598]^ Hence, the later appearance warrants constant vigilance in this population which seems at high risk for development of acquired PVS. Indeed, a recent survey described that the vast majority of responding neonatologists had encountered a case of PVS in the context of prematurity.^[@bibr11-2045894019878598]^ Assessing pulmonary veins by echocardiography with documentation of individual spectral Dopplers can be challenging. Delay in diagnosis may be related to technical difficulties but routine surveillance is indicated given the progressive nature of the condition.^[@bibr54-2045894019878598]^ The impact of pulmonary vasodilation in the context of venous obstruction is unclear and warrants further studies. Finally, patients who died in our population had a severe pulmonary phenotype. Future research should evaluate if early screening and targeted management to decreased PH and augment RV performance can be translated in improved outcomes.

Limitations {#sec21-2045894019878598}
-----------

This is a single center, retrospective study and its generalizability should be tested in a multi-institutional study with a larger sample size. Some patients were referred to our PH clinic from other hospitals and their echocardiography was not at the initial diagnosis. Hence, we had to exclude patients who presented later than three months after their PH diagnosis. There was no formalized screening protocol for PH at our institution, thus the population might be skewed towards the sickest patients who were identified due to clinical symptoms. Due to the absence of formal screening protocol, the analyzed echocardiography scans were not performed at a set age-point for the individual patients. Multiple echocardiographic platforms were used to image the patients, which could introduce variability in speckle presentations between vendors;^[@bibr55-2045894019878598]^ however, the STE analysis was performed by a single multivendor software platform to decrease variability.^[@bibr56-2045894019878598],[@bibr57-2045894019878598]^ STE analysis was done by a single reader and inter-reader reliability was not explored, since reports have described a high reproducibility of strain measurements by the same reader or a different reader using different strain vendors^[@bibr58-2045894019878598]^ and using different echocardiography machines.^[@bibr56-2045894019878598]^ Analyzed echocardiography images were originally acquired at a lower frame rate of 30--60 Hz, when 2D STE recommendations advocate for 80--100 Hz. However, a recent report observed no difference between strain measurements at lower (below 60 Hz) and higher (≥60 Hz) frame rates.^[@bibr57-2045894019878598]^

In premature infants with BPD, degree of PH and underlying RV dysfunction were associated with mortality at follow-up. Specifically, RV FAC, TAPSE, and RV peak longitudinal strain were decreased in infants with poor outcomes. In addition to estimation of pulmonary pressures by echocardiography, other markers such as PAAT/RVET, LV/RV ratio, and LV EI may be of interest when assessing a premature patient with BPD for screening or follow-up of PH. A thorough evaluation of RV performance by echocardiography at time of PH screening should be done to identify the most at risk patients in this population. Future studies should investigate if screening and targeted management in those with signs of RV dysfunction can improve outcomes.
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[^1]: BPD: bronchopulmonary dysplasia; NEC: necrotizing enterocolitis; NICU: neonatal intensive care unit; PH: pulmonary hypertension; PMA: post-menstrual age; SGA: small for gestational age.

[^2]: Expressed as mean (standard deviation), median (inter-quartile range) or count (percentage).

[^3]: AV: aortic valve; Dx: diagnosis; CO: cardiac output; EDSR: early diastolic longitudinal strain rate; EF: ejection fraction; FAC: fractional area change; GA: gestational age; LV: left ventricle; MPA: main pulmonary artery; NEC: necrotizing enterocolitis; PAAT: pulmonary artery acceleration time; pLS: peak systolic longitudinal strain; pLSR: peak longitudinal systolic strain rate; PH: pulmonary hypertension; PMA: post-menstrual age; PV: pulmonary valve; RA: right atrium; RV: right ventricle; RVET: RV ejection time; VTI: velocity time integral; SGA: small for gestational age; sBP: systolic systemic blood pressure; sPAP: systolic pulmonary arterial pressure estimate; TAPSE: tricuspid annular plane systolic excursion; TRJ: tricuspid regurgitant jet.

[^4]: Expressed as mean (standard deviation), median (inter-quartile range) or count (percentage).

[^5]: LSRe: early diastolic longitudinal strain rate; FAC: fractional area change; GA: gestational age; HR: hazard ratio; LV: left ventricle; NEC: necrotizing enterocolitis; pLS: peak systolic longitudinal strain; pLSR: peak longitudinal systolic strain rate; PMA: post-menstrual age; RV: right ventricle; SGA: small for gestational age; sBP: systolic systemic blood pressure; sPAP: systolic pulmonary arterial pressure estimate; TAPSE: tricuspid annular plane systolic excursion.

[^6]: LSRe: early diastolic longitudinal strain rate; LV: left ventricle; pLS: peak systolic longitudinal strain; pLSR: peak longitudinal systolic strain rate; RV: right ventricle; SR: strain rate.
